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EVALUATION

Current DoD plans indicate a continued transition from predominantly
analog communications to digital communications. This has mandated a need to
re-examine all channel models for accuracy when applied to digital communica-
tions signals.

In LOS microwave, fading is usually assumed flat. Availability calcula-
tions imply that if a channel is calculated to have, for example, a 40 dB
fade margin, that it will be usable within 40 dB of the average received
signal level. This program has demonstrated for the first time that group
delay is its most severe at deep fades. If the microwave radio is not
designed to handle large excursions in group delay, a high error rate will
result several dB earlier than anticipated. There can thus be a wide
variation between calculated and actual availability.

Most empirical data on multipath fading has been taken for link distances
on the order of 30 miles or less. Links in the Defense Communication System
at times exceed 100 miles. This program has documented, mathematically,
conditions necessary for multipath fading to exist on long links.

Diversity switching on LOS microwave is usually accomplished by a
selection switch. A question that always arises is "How far should the
normal channel fade before the standby channel is switched in?" Results of
this program demonstrated how group delay can cause losses in bit count
integrity during diversity switching and proves that the best strategy is to
switch to the best channel at all times.

Much work remains to be done in further examining the models developed
in this program from a theoretical point of view and in developing additional
experimental data to quantify system availability as the calculations apply
to digital communications.

;ﬁizldbmk /é&iﬂsé:?ﬁkuf Cor v

BRIAN HENDRICKSON
Project Engineer
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SECTION 1

SUMMARY

Continued evolution of the Defense Communication System
(DCS) to an all digital communications network and previous
indications that fading conditions on line-of-sight (LOS) micro-
wave relay links may exhibit a high degree of frequency-
selectivity have motivated the investigation reported here. The
report describes the results of an investigation of frequency-
selective fading on LOS links to determine the effect on digital
communications performance. In the modeling effort and con-
current computation particular emphasis has been placed on up-
dating and revising previous work to include diversity communi-
cations. In the effort aimed at determining modem performance
the primary emphasis has been placed on determining the extra
SNR degradation due to the frequency-selectivity of the multipath
fading. Calculations have been performed for two modems, a base-
band modem operating with conventional FM radios (DAU modem) and
a narrow band phase-continuous FSK modem (IF modem). This sec-
tion of the report provides a list of our conclusions (Section
1.1 below), a list of our recommendations for further work
(Section 1.2), and a summary of the report contents (Section1.3).

1.1 Conclusions

As a result of this study the following conclusions have
been reached relative to the effects of frequency-selective
fading on DCS microwave LOS links.

a) The largest group delay excursions occur during
the deepest fades (Section 2.3.3). Consequently,
diversity switching from one fading diversity
channel to another channel with little or no
fading on it can cause a sudden large discon-
tinuity in group delay depending, among other
things, on the fade depth threshold for switch-
ing. Because of the correspondence between the
modem bit sync tracking behavior and the group
delay (Section 4.2), and the fact that calcu-
lated discontinuities can be comparable to and
exceed the symbol duration (Section 4.1), loss
of bit count integrity will occur in some
circumstances.

1-1
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b)

c)

d)

e)

For diversity switching, use of the rule
"switch to other channel if stronger than
current channel,'" is recommended over use
of other rules that postpone the switching
until the signal fades to a prespecified
threshold (Section 4.1).

According to the theoretical calculations
frequency-selective fading on the 100-mile
Hohenstadt-Zugspitze link is more extreme
than on any other link we have encountered.
Nevertheless, it is felt that some of the
physical assumptions (e.g., regularity of layer
structure over the path) may be near their
limits of applicability for such a long link
(Section 2.4.1). The intuitive notion that
such an extreme geometry can lead to extreme
fading is supported by the program of mea-
surements described in [1.1] wherein it was
reported that fading over the Hohenstadt-
zugspitze link path is greater than over any
other tested in the DEB Stage I system.

Relative to our evaluation of SNR degrada- |
tion of modem performance due to frequency-
selective fading, performance losses vary
widely with change of physical conditionms. |
In all cases the SNR degradation increases |
as the fading on the link becomes more
frequency-selective (as indicated by
increased delay spreads of the interfering
rays). Due to the pronounced frequency-
selectivity of some fading situations i
complete degradation can occur in a 20 dB '
fade (see Tables 1-1 and 1-2 in Section 1.3.4).

SNR degradation losses, due to frequency-
selective fading, were quite similar for

the two modems considered (DAU modem and IF
modem). During conditions of mild fre-
quency-selectivity our calculations indicate
that both modems perform well and under
conditions of strong frequency-selectivity
performance for both is severely degraded.
In a narrow transition region, the IF modem
has the superior edge (Section 3).
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f) Whenever refractive multipath fading takes
place on a link the most probable situation
is that the fading is due to interference of
no more than three rays (this is demon-
strated in Section 2.2.4). 1In some of our
computations, a fourth and fifth ray have
appeared (see Section 2.4.2). These "extra"
rays, which typically exist over only small
intervals of layer height, are extremely
close to one another in delay and are close
also to the layer path that is greatest in
delay. As a result, frequency-selectivity
of the link still exhibits a three-path
character.

g) There are no useful measurements of refrac-
tive index gradient taken in conjunction
with measurements of signal distortion, i.e.,
the P-parameters (Section 2.3.2). Thus, a
valid comparison of model calculations with
experimental results is not possible.
Relative to our propagation calculations,
however, comparing the character of our
calculated results with the character of
experimental records indicates some striking
similarities (see Section 2.5) and no discrepancies.

1.2 Recommendations for Further Work

To comprehensively determine the effects of frequency-
selective multipath fading on estimates of system availability
it is recommended that the following studies and experiments be
carried out:

a) Model Augmentation

To increase the usefulness of the model the
following tasks should be undertaken:

® As pointed out in Section 2.1.2 below,
the effects of atmospheric turbulence,
normally not a matter of serious con-
cern, may be magnified in a refractive
multipath fading condition. A study
of this phenomena, to determine its
effects on system performance, is
recommended. L




L] Tilted atmospheric layers alter the polar-
ization components of waves that interact
with them, and for this reason, their effect
on the performance of '"frequency reuse"
systems (those which use two orthogonally
polarized waves to approximately double link
capacity) should be determined.

° To increase the application of our model to
a wider variety of physical situations, the
"thin layer" case should be included. This
's the case wherein the top and bottom of the
actmospheric layer are both within the ver-
tical region between the two terminals.

° Because of the sensitivity of multipath
fading to some of the more important phy-
sical parameters (e.g., refractive index
gradient and layer height) and the wide range
of values these quantities can take on, sta-
tistical modeling of these quantities should 1
be incorporated into the refractive multipath
model.

b) Probability of Antenna Decoupling

Prolonged signal attenuation (antenna decoupling)
not exhibiting the usual more rapid character

of multipath fading has resulted in 'blackouts'
of some links in Germany. The analytical results
of this report (and the companion computer pro-
grams) are singularly appropriate, for calcula-
tion of the relevant angles. For given or
postulated antenna patterns we recommend a deter-
mination of the lapse rates required to cause
antenna decoupling and hence the probability of
its occurrence.

c) Diversity Design Study

Since the study results that have been tradi-

tionally used to determine diversity spacings

are based on empirical data for a limited number

of paths, the generalization to cther paths,

other frequencies, and other areas involves some

degree of risk (as pointed out and summarized in

[1.2]). A design study that takes into account

all of the wide variety of parameters in a reasonable

and consistent way should be undertaken. The follow=-

ing tasks and questions should be addressed: 7
1-4 -




d)

. Further analysis of space diversity oper-
ation, with special emphasis on an analy-
tical determination of optimal antenna
spacing.

° All candidate diversity combining schemes
should be evaluated—especially new
schemes that, in addition to the standard
fade level, use measurements of signal
distortion in order to take into account
the extra SNR degradation due to
frequency-selective fadng and (when
appropriate) the possible discontinuities
during diversity switching.

® What effect does turbulence [see (a)
above] have on the probability of simul-
taneous deep fading on diversity branches?

Availability Study

The probability that a link will be available
is a basic parameter relating to link design.
We recommend an extensive effort to calculate
link availability via the three-step program
outlined below.

° First, determine the probability that
multipath fading will take place on a
link. The results would initially take
the form of bounds of various quanti-
ties, e.g., lapse rate of refractive
index gradient and layer tilt. Based
on available statistical measurements
for these quantities (quite extensive
in the case of lapse rate, the most
important one) the results would yield
the probability that multipath fading
occurs on the link.

o Given the condition that multipath

fading occurs, determine the probability
that the P-parameter values (see Sec-

tion 3) are such as to result in unaccept-
able error rate(determined through cal-
culations of modem performance such as we
describe in this report).
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® In a diversity context, given the unaccept-
able performance of one diversity channel,
determine the probability that performance
of the other diversity channel is also
unacceptable.

The three probabilities above, appropriately com=-
bined, yield the probability that the link will
fail and, hence, the availability.

e) Channel Measurement

A carefully planned program of system function
and distortion parameter measurement coupled with
refractive index measurements is needed so that
the relationship of the multipath and frequency-
selective character of the link to the link
parameters, geometry, and atmospheric conditions
can be pinned down.

1.3 Summary of Report Contents

In this section we summarize the report contents.

1.3.1 Channel Model

A dependable model of the communication channel is a base-
line requirement in any attempt to evaluate relative modem
performance. The channel of interest here is the DCS LOS micro-
wave relay channel. Because other causes of fading can be
eliminated by simple design techniques, the modeling effort in
this investigation centered on a phenomena known as refractive
multipath. Loosely, it can be said that this phenomena derives
from the fact that electromagnetic energy does not travel in
straight lines in a medium characterized by a spatially varying
refractive index. As it happens, the atmosphere in its usual
condition is characterized by a slight, approximately linear
decrease (or lapse) of refractive index with height. This slight
lapse is not, in itself, enough to cause multipath fading. On
occasion, however, there are regions of vertical extent char-
acterized by a more rapid decline than usual, i.e., by a larger
lapse rate. These regions are referred to as ''layers' through-
out this report. When there is the possibility that electro=-
magnetic energy traversing a link may intersect with a layer,
the equations of geometrical optics indicate that multiple ray
paths may exist. 1In such a case the multiple paths interfere in
the classical manner and result in multipath fading. The
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existence of this condition depends on the lapse rate of refrac-
tive index gradient, the path length, the transmitter and receiver
elevations, the layer height, the layer thickness and the layer
tilt. In terms of these parameters the equations of geometrical
optics can be used to compute the number of paths, their relative
delays, and their relative amplitudes, thus providing a complete
characterization of the refractive multipath channel.

Calculation of the quantities required for this character-
jzation are described in Sectiom 2.2. Also described are
two basic modifications of the model developed earlier at CNR
[1.3]. One of these is the incorporation of layer tilt into the
model (Section 2.2.3). The other is the inclusion of the
physical situation jllustrated in Fig. 1.1(b) wherein the layer
is below the highest terminal, i.e., the highest terminal is
immersed in the layer (Section 2.2.2). Both of these modifica-
tions were deemed necessary for the modeling of links that are
extremely long and/or are characterized by an extremely large
vertical separation of receiver and transmitter. The correctness
of this conclusion is demonstrated in connmection with the
Hohenstadt-Zugspitze link in Section 251,

Though there are several layer parameters affecting the
multipath character of fading on an LOS link it has long been
recognized that the lapse rate of refractive index gradient
plays a dominant role; measurements of this quantity have been
made on a world-wide basis for many years. The primary data
sources for probability distributions of this parameter are Bean
and Dutton [1.4]), [1.5], and Samson {1.6]. The latter is of
particular use here in that it provides data for Stuttgart,
Germany that can reasonably be applied to the Hohenstadt-
Zugspitze link discussed in Section 2.4.1. Though the data
referred to here constitutes the most comprehensive source,
certain inadequacies in its collection could possibly lead tc
slightly erroneous conclusions (see Section 2.1.1).

Though large lapse rates are known to result in multipath
fading there seems heretofore to have been no definitive state-
ment about the relationship between lapse rate and the existence
of multipath. We have determined (see Section 2.2.4) an
existence condition for multipath due to refraction in a hori-
zontal layer. This is given in terms of the inequality
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62139 x 10°

5
L
eldl * 8RB 1

+ 156.78

where # is the lapse rate of refractive index gradient, Rg is the
radius of curvature of ray paths in the normal atmosphere
(approximately 5300 feet), L is the link length and A is the
height of the layer above the arithmetic mean of the transmitter
and receiver heights. Thus, we see that the lapse rate must
exceed some easily calculable value if multipath fading is to
take place.

It should be pointed out that (1.1) holds only for condition l
"A" of Fig. 1.1. Time did not permit the determination of a
similar inequality for condition ''B".

Some simple observations can be made about the existence
condition above. First, as the layer rises above the arithmetic
mean of the receiver and transmitter heights a greater lapse rate
is required in order to support multipath. Secondly, as the link
length increases, less of a lapse rate is required in order to
support multipath. These trends are evident in the graphical
depiction provided in Fig. 1.2.

One of the most powerful applications of the existence
condition in (1.1) is in the determination of the probability of
multipath fading. Consider any particular link for which the
right-hand side of (1.1) can be calculated. Designate this value
<. Then the probability that multipath fading exists on the
link is just the probability that = exceeds Zp. But, this prob-
ability is exactly that provided by the world-wide program of
measurements described above. Hence, the probability of multi-
path fading on the link is quickly calculable.

As reiterated in our recommendations for future work the
derivation of the existence condition applying to condition "B",
so that an integrated view can be obtained, is strongly recom-
mended. Such an analysis would provide upper bounds (i.e.,
worst-case indications) of the probability of outage.

A=y
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From a physical point of view, the creation of atmospheric
layers is a highly variable and complicated process, the study
of which falls more within the bailiwick of meteorologists than
engineers. Nevertheless, an understanding of the basic mechan-
isms resulting in layer formation is crucial to attainment of a
complete computer model. For this reason a discussion of weather
effects and layer formation is provided in Section 2.1.2 of this
report. We have also provided in that section a graphic des-
cription of "heating from below', one of the more common causes
of layer formation. The overall result of heating from below is
the formation of three distinct atmospheric regions.

1) A narrow surface region near the ground charac-
terized by strong gradients but slight turbulence
(l1imited effect on communications, if any).

2) A thick central region characterized by strong
turbulence due to rapid upward convection of
alr. This region constitutes a well-mixed
homogeneous layer and is characterized by the
standard lapse rate of refractive index gradient
(about 40 Nu/km).

3) A stable upper layer characterized by larger
than normal lapse rates.

The intermediate central region in this description is the
region through which the direct or pseudo-direct path of Fig. 1.1
passes. The existence of turbulence in this region motivates con-
gideration of adding to the phasor normally representing this
path a small random phasor representing the turbulence.

1.3.2 Fading Characteristics Due to Refractive Multipath

That refractive multipath can occur with enough regularity
to warrant concern is beyond dispute. The fact that it is inher-
ently a frequency-selective phenomena seems to be less understood.
The in-depth study described in this report indicates that the
frequency-selectivity of multipath fading can be of profound
importance. Some of the highlights of this report relative to
the character of fading on microwave LOS links (diversity dis-
cussion is deferred until Section 1.3.3) are summarized below.
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A first step on the road to obtaining an overview of refrac-
tive multipath fading is to examine its dependence on those
parameters that are best defined probabilistically and retain as
fixed parameters those quantities for which the probabilities are
best known. Thus, one can reasonably ask ''given a certain lapse
rate for which the probabilities are relatively well known, what
is the dependence of fade level on layer height and frequency?"
The answer, to some degree, is provided by the contour plot of
Fig. 1.3 which corresponds to a 30 mile link with the specific
link geometry shown and an atmospheric layer with a relatively
strong lapse rate of refractive index gradient (420 Nu/km). This
figure was pieced together from 12 computer plots and constitutes
a dual presentation of frequency-selectivity and spatial selec-
tivity (operating frequency on the horizontal axis and layer
height on the vertical axis). Essentially, it shows fade level
as a surface over the height-frequency plane; each contour
depicts the combination of layer height and frequency that will
result ina fade to the depth with which each contour is designated.

In discussing contour plots it is helpful to refer to the
regions inside the smallest contours (the 20 dB contours in Fig.
1.3) as the deep fade loci. It is clear from the contour diagrams
that the deep fade loci are few and far between; in fact, only five
of them appear in Fig. 1.3. Additionally, wenote that the 10 dB
fade contours extend over a few hundred MHz, whereas the 20 dB
fade contours are much smaller. This is in keeping with experi-
mental data pointed out by Kaylor [1.7] who has noted that the
sharp deep fades occur during shallower fades that can extend
over a band approximately 400 MHz wide.

Figure 1.3 was generated using operating frequencies in the
4 GHz band. It is of interest to compare these results with the
results of calculations for the 8 GHz band which we provide in Fig.
1.4. One conclusion, borne out by analysis, is that the fre-
quency spacings between the deep fade loci in the plots does not
depend on the bands examined, i.e., given a layer height value the
deep fade loci occur with the same frequency spacing in the 4 GHz
band as they do in the 8 GHz band. In fact, we have derived an
expression which, given a constant layer height hp, yields the
frequencies at which the deep fades will occur (see Section 2.3.3)
and this expression indicates that at most two deep fades may
occur every'\AT(hL)rJ-Hz, where At is the delay difference
between the two rays refracted in the layer.*

*Qur arguments here relate to multipath interference between a
total of three rays. It is demonstrated in Section 2.2.4 that the
existence of a higher number of paths is considerably less
probable an occurrence. 112
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The expression referred to above [(2.156) in the text] has
been used to generate the dotted lines in Fig. 1.4. Note that
these lines pass directly through the deep fade loci, and hence
result in a considerable reduction of effort in determining the
deep fade loci which are the regions of greatest interest.

A second conclusion that can be made from a comparison of
the two contour diagrams is that the relative occurrence vs. layer
height of the deep fades does depend on the frequency band. Com-
paring Figs. 1.3 and 1.4 we see that the vertical separation of the
deep fade loci in the 4 GHz band is approximately twice what it is
in the 8 GHz band. This dependence can be demonstrated generally
by appealing to the approximately linear dependence of At(h;) on
layer height, (see Section 4.1). When this is done, we see that
there can be at most two deep fades every [fAr(O)]‘lhmax feet, i.e.,
the layer height separation of the deep fade loci is inversely
proportional to f. Thus, spatial selectivity becomes more impor-
tant at the higher frequencies. If it can be assumed in the rough-
est sense that there is some regularity to the layer motion then
one can conclude that fading will be more rapid in time at the
higher frequencies.

It should be emphasized that the contour diagrams of Figs.
1.3 and 1.4 are really just "snapshots' of one particular physical
situation. The actual situation is that the refractive index
gradient and layer height have a complicated temporal interdepen-
dence; e.g., as layer height and/or refractive index change in time
the contours of Fig. 1.4 change shape and the deep fade loci move.
This motivates statistical modeling of the two basic physical
parameters, layer height and refractive index gradient. A similar
consideration should also be made of layer tilt (more important
on the longer links).

Possible loss of bit count integrity during diversity switch-
ing (to be discussed in more detail in the following section),
motivates consideration of the behavior of group delay during a
fading condition. As it happens, IF modem bit synch tracking
closely follows the center-of-band group delay, although small
deviations occur. This point is illustrated in Fig. 1.5 which
shows both group delay and bit synch tracking as the angle of the
transfer function at the center of the band is varied over 360° (a
discussion of the significante of this approach is provided in
Section 3.2.1). The correspondence between group delay and modem
tracking is even more pronounced in the case of the baseband modem.

Because of the correspondence cited above it is of interest
to examine the behavior of the group delay in fading situations.
This topic is discussed in detail in Section 2.3.3. Here, we
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merely point out that the group delay must in general satisfy the
inequality

N
oy %'
A (1.2)

where L is the center-of-band fade level, N is the number of inter-
fering paths and ¢j and 7§ are respectively the amplitude and delay
on the i'th path. An important point in this connection is that
the upper bound in (1.2) cannot be reached unless the frequency is
such that the fade level is at a minimum. This indicates a close
correspondence between the deep fade loci and the most extreme
values of group delay—a correspondence that has been validated
without exception in our plots of these quantities. Another point
is that the group delay is unsubstantial when signal level is high,
Lz>1l. In such a situation most of the links we have studied
(extremely long links excluded) indicate that the group delay
magnitude remains below 10 ns. In a deep fade, however, the group
delay can be extremely large (see Section 2.4 and Section 1.3.4

below) and often comes quite close to achieving the upper bound
in (1.2).

1.3.3 Diversity Operation

The fading characteristics discussed above impact diversity
operation simply by virtue of the fact that they differ from
diversity channel to diversity channel. To get the full benefits
of diversity operation one ideally would like to have the situ-
ation where there is always a strong, clear signal on the standby
channel whenever the signal in the primary channel is unaccept-
ably degraded. This situation corresponds to the case of non-
overlapping deep fade loci when the contour diagrams for each
diversity channel are superimposed. For the most part, a reason-
able choice of diversity operating parameters results in just
this condition. This is shown in Fig. 1.6 and consists of the
20 dB fade contour of Fig. 1.4 (diversity channel #1) with the
20 dB fade contours of a space diversity channel with receiving
antenna located 30 feet below the primary receiving antenna.
There is no overlap of the 20 dB fade contours; i.e., although
some are close, as with the two pairs near 20 feet, simultaneous
center-of-band fading below 20 dB will not take place. Note, how-
ever, for a carrier frequency (about 8.415 GHz) half way inbetween
the two nodes at 22 feet, one space diversity channel may exper-
ience a 20 dB fade at the lower end of the band (14 MHz assumed)
and the other may experience a 20 dB fade at the high end. One
concludes, overall, however, that simultaneous center-of-band
deep fading on both diversity channels is unlikely, as it should

be. 1-17
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Space diversity operation is illustrated in Fig. 1.7 for a
particular link of interest, the Swingate-Houtem link spanning
the English Channel. The desired correspondence of nulls on one
channel with high signal levels on the other is clear from the
figure. A detailed discussion is provided in Section 4.

Relative to frequency diversity, simple rules, based for the
most part on the expression that locates the deep fade frequencies
(see Section 2.3.3), can be used to determine the 'optimal' sepa-
ration of carrier frequencies in specific situations. As a numer-
ical example, our expressions indicate a frequency separation of
460 MHz for the physical situation used to generate the plot in
Fig. 1.8. The plot, which illustrates the frequency selectivity
across the whole band of permitted carrier frequencies on the
Swingate-Houtem link, shows the reasonableness of this choice; the
choice corresponds well with the distance between peak and null.
To generate rules of general utility, statistical modeling is
required.

With the purpose of examining a physical mechanism that in
some circumstances will result in loss of bit count integrity, we
now turn to a more microscopic viewof the deep fade loci. Our
concern here relates to the following question; what are the
effects of diversity switching between space diversity channels
as a layer moves through a deep fade locus?

We consider three simple diversity rules:

1. Switch to other channel if current channel fades
to depth greater than 30 dB and other channel is
stronger.

2. Switch to other channel if current channel fades
to depth greater than 20 dB and other channel is
stronger.

3. Switch to other channel if stronger than current
channel.

Recall from our discussion of Section 1.3.2 that the largest
excursions of group delay tend to occur during the deepest fades.
This implies that diversity switching from a diversity channel
with a deep fade on it to another channel with little or no fade
is equivalent to switching from a channel with a large group
delay to a channel with very small group delay. Because of the
rapid switching on digital links, there can be a large sudden
discontinuity in delay and hence a loss of bit count integrity.

For concreteness we look at the fade in Fig. 1.9 and assume
upward layer motion* and initial operation of diversity channel
#1. In Fig. 1.10 we have presented the group delay plot

1-19
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corresponding to Fig. 1.9 and marked off the points at which
switching takes place according to the diversity rules listed
above. For rule 1 we get a discontinuity of 177 ns. For rule 2
a 50 ns discontinuity occurs, whereas for rule 3 it can be shown
on an expanded scale that the discontinuities are considerably
less than 10 ns.

Relative to a symbol length (72.3 ns) the group delay dis-
continuity that occurs when rule 3 is used is extreme. In view
of the close correspondence between modem tracking and group
delay (Section 4.2) it can be concluded that switching during a
fade to 30 dB (or any deeper fade) will, in some circumstances,
result in loss of bit count integrity on this link.

1.3.4 Modem Performance Degradation

Performance in the presence of representative multipath
conditions has been evaluated for two modem designs: a baseband
modem designed for existing FM radios, and a phase-continuous
FSK modem which interfaces to existing radios at IF. Both
modems achieve a packing density of 2 Bps/Hz; the latter is a
higher performance modem in the sense that it requires a smaller
Ep/Ng to achieve a given error rate.

For each of 27 multipath conditions calculated for the
Hohenstadt-Zugspitze link performance of the modems was calcu-
lated at three fade depths: 10, 20, and 30 dB. As the depth of
the fade increases, frequency-selective effects become more
pronounced. In other words, fading will be ''flat' (that is
undistorted) for smaller fade depths and frequency-selective
(that is distorted) for larger fade depths. At some fade depth
distortion will reach the point where the eye-pattern closes for
certain symbol sequences; when this happens it will be impos=-
sible to obtain a satisfactory error rate regardless of the
value of Ep/Ng available to the receiver. This behavior may be
seen qualitatively in Tablc -1 which summarizes baseband modem
per formance for each of the channel conditions considered, or
in Table 1-2 which applies to the IF modem. (In these tables
the three layer heights whicli were considered for each combina-
tion of refractive index gradient and layer tilt slope are
lumped together for simplicity.) Selecting a gradient and
slope, one can look across horizontally and compare performance
at fade depths of 10, 20, and 30 dB. For relatively flat chan-
nels the transition from flat fading to frequency-selective
fading occurs at very deep fades, while for more selective
channels the transition occurs for shallower fade depths. Since

1-24




("p2aapIsuod oz\nm pe2ATI@091 jo 88ueBl1 9yl ISA0 01

Nl

3uTpo9ox@ 93B1 10112 UB pPUB 9INSOTO 942 S93BOTPUT ,wPopea139p A19397dwod,, wial ayy)

pepea3aq (61°€ °"3T1d)
£123391dwo) IB1g A1aesN Ie1d €L6°0 010°0
00g-
(v1°¢ "314)
Ie1d Ie14q IBTq 916°0 600°0
papea3aq papeadaq (€1°¢ "914)
£12391dwo) £12391dwo) 1814 A1aeaN EL5"0 010°0
papeasdaq (z1°¢ -314) 0S€-
A12391dwo)n POXT 1eTd 91670 600°0
(11°¢ "813)
IB1d Ayaeay 1e1d ELA K 8S%7°0 800°0
pepealdsq papea3aq Tt “91d)
£12391dwo) £12391dwo) PoXTINW €L5°0 010°0
papeagaq papeadaq (6°¢ "314)
A12391dwo) £19391dwo) IBTd A1aeaN 9160 600°0
O -
pepeadaq (8¢ *31a) (L€ "314) gk
£192391dwo) POXTIW IBTd 8S%°0 800°0
(9°¢ -314)
3e1d L1aesN A LA 10%°0 LO0°0
—
ap 0¢ ap 02 _ ap 01 (s@92133(Q) adots (w{/nN)
9713uy 3ITTL ITTL JuaTpeIH X2pul
yadaqg aped 194e7 Iafe] 2AT3ORIIDY

WAJOW ANVE3ISVd 40 ¥OIAVHIL ONIAVI FAILVIITIVND

T-T 974dVL

1-25




(*p@aaprsuod oz\nm paA12291 Jo 22Ul 33l I2A0 2 01
SuTpo9ox® 23B1 I0IID UB puUB 9INSOTD 248 S23BOTpPUT , popealap L12391dwod, wial 3yl)
(92°¢ "314) (¢z ¢ "313)
papeageq Je1d A1aesN Ie1d €LG6°0 0T10°0
: 00g¢-
(yg € "81d)
IB1d Ie1d Ie1d 916°0 600°0
papeagag (€z°¢ "313)
£12331dwo) papeadaq 1814 L1aeaN €LS°0 010°0
pape.gaq (zz'¢ "313) 0SE~-
A19391dwo)n 1e1g A1aesaN IB1d 916°0 600°0
(12°¢ "914)
3e1d A1aesy Ie1d 1e1d 85%°0 800°0
papeasaq papeadaq (07 € "313) %
£12321dwo) £19397dwo)n Je1d A1aesN €LG6°0 010°0 >
papeadaq (61°€ -31a) (81°€ "31d)
£12391dwo) POXTW Je1d L1aesN 91S6°0 600°0
papeadaq (L1°¢ "81d) i
£193917dwo) Je1d L1aesN IBT1d 8S%°0 800°0
(91°¢ "313)
P14 4A1aeaN IBeTd 1e1d T0%°0 L0070
gp 0¢ gp 02 gp 01 Awwmuwmov odo1s (w/nN)
@18uy 3111 ITTL JuaTpeIn X3pul
b yidag sped I24e] ao4e] 2AT3OBIJOY

WAQOW 41 J0 ¥OIAVHIL OSNIAVd IAILVLITVAD
¢~1 414VL




fade depth is quantized to 10 dB increments in this table, the
transition from flat fading to complete degradation is usually
abrupt. Individual performance curves on which the tables are
based may be found in Section 3.2.

Summarizing, our evaluation of SNR degradation of modem
per formance due to frequency-selective fading reveals that the
performance losses can vary widely with change of physical
conditions. In all cases the SNR degradation increases as the
fading on the link becomes more frequency-selective. Due to
the increased frequency-selectivity of some physical situations
(see Tables 1-1 and 1-2) complete degradation can occur in a
20 dB fade. Increased frequency-selectivity, of course, cor-
responds, to increased delay spreads of the ray paths, and
the trend toward greater frequency-selectivity corresponds gener-
ally with increases in lapse rate of refractive index gradient and,
ad-hoc, increases in layer tilt. (As an example we point out
that layer slope variations from .007 to .010 in Table 1-1,
corresponding to a refractive index gradient of 400 Nu/km,
are accompanied by delay spreads of the layer rays ranging
from about 2.4 ns to 4.4 ns.) The parallel trends of increased
frequency-selectivity and increased SNR degradation due to
signal distortion are clear from the tables. (See Section 3
for detailed discussion.)

Comparing Tables 1-1 and 1-2 it may be seen that the
effects of multipath on the two modems are remarkably similar.
However, a careful examination of the tables or of the figures
in Section 3 (Figs. 3.6 through 3.26) shows that the FSK modem
is somewhat less susceptible to multipath than the baseband
modem.
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SECTION 2

CHANNEL MODELING

In this section we describe, analyze, and examine the
causes and effects of frequency-selective fading due to
refractive multipath on microwave line-of-sight links. A major
goal of the effort described here is to determine the eventual
effects on modem performance. Because of its separate import-
ance, however, discussion of this topic is deferred until
Section 3.

In Section 2.1 below we describe the propagation channel.
The viewpoint in Section 2.1 is primarily a physical one. We
discuss the effects of weather on the formation of layers and
emphasize the importance of certain layer parameters.

In Section 2.2 we describe our analysis of the propagation
channel. This includes:

1) A description of the link and the setting up
of the problem.

2) Solution of the problem using geometrical
optics with emphasis placed on analyzing
the situation wherein the layer is below
the highest terminal.

3) Inclusion of layer tilt into the model.
4) Lapse rate requirements for the support of

multipath.

It is from the results of this analysis (yielding all of the
ray path delays and amplitudes) that one can compute any of the
system parameters of interest.




In Section 2.3 we describe the system parameters, fade
depth and group delay, and present in general terms a dis-
cussion of the P and T parameters that play a pivotal role in
both the representation of signal distortion and the modem
performance calculations of Section 3. Additionally, we des-
cribe in this section a significant relation between the fre-
quencies at which the fade depth and group delay extrema occur.

Two important communication channels of interest, the
Hohenstadt-Zugspitze link and the Swingate-Houten link are
analyzed in detail in Section 2.4. Fading characteristics of
the channel are depicted via plots of the multipath delay and
amplitude profiles and plots of fade depth and group delay vs.
layer height and frequency. Discussion of diversity effects
is deferred until Section 4.

Certain propagation parameters relating to the Hohenstadt-
Zugspitze link have been used in the modem performance calcula-
tions presented later in Section 3. The way in which these
parameters have been selected in order to reduce them to a
manageably small set is described in Section 2.4.3.

In Section 2.5 we present a brief review of the litera-

ture. The emphasis here is on relating our computed results
to the available data that has been accumulated by others.

2.1 Description of Propagation Channel

In this section we describe the physical character of the
LOS propagation channel. The basic nature of multipath fading
on LOS links is described in Section 2.1.1. Section 2.1.2
describes the effect of weather conditions and the physical
mechanism governing the formation of layers. Saction 2.1.3
addresses some questions related to layer height and layer
thickness.

2-2




2.1.1 Morphology of Refractive Multipath

In this section we describe the mechanism of refractive
multipath and the physical conditions which cause it.

Generally, it can be said that refractive multipath
arises because of the bending of electromagnetic rays in an
inhomogenous medium. The equations of geometric optics
indicate that electromagnetic rays travel in straight lines
in a perfectly uniform atmosphere. 1In the troposphere,
however, the atmosphere is often not uniform; in fact, be-
cause of its sandwiched location between the earth and the
stratosphere, there may be rapid changes in temperature,
pressure, and vapor pressure with height. These gradients,
in turn, give rise to a gradient in refractive index. 1In
fact, an acceptable order of magnitude of the variation AN
of the index of refraction is obtained from the formula,

&N ~ AP - AT + 7 & (2.1)

where AP is the pressure variation in millibars, AT is the
variation of the temperature in degrees Kelvin, and Ar is

the variation of the mixing ratio, defined as the mass of
water vapor (in grams) mixed with 1 kg of dry air [2.1].
Measurement of each of the constitutive parameters in (2.1)

is sometimes used for indirect measurement of N. (See, for
example, the description of radiosonde measurements in [2.2].)

In its most commonly occurring state, the troposphere
is characterized by a mild refractive index gradient; the
refractive index decreases by about 40 Nu/km. In such a
case, we say that the lapse rate £ is given by

£ = 40 Nu/km (2.2)

(This is the numerical value used for the '"standard" or
""direct path'" atmosphere in the remainder of this report.
On some occasions, however, anomalous weather conditions can

exist which result in the formation of refractive layers.
[ J

W,

*
It will be recalled that N units are just the usual dimen-
sional units of refractive index multiplied by 106 (see
(2.3, p. 3-11]).
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When this happens, there is the usual '"standard'" lapse of
40 Nu/km until some unpredictable height, referred to as the
"layer height', is ieached, at which point a much stronger
lapse (e.g., 300 Nu/km) occurs until the '"top" of the layer
is reached. At this point the milder lapse characterizing
the standard atmosphere takes over.

The vertical region, characterized by the larger lapse,
is referred to as the '"layer'". The extent of this region is
referred to as the '"layer thickness'. The vertical point
(measured with respect to some convenient reference) at which
the stronger larger lapse begins, is referred to as the
"layer height".

There are many complications to the picture described
above. Not the least of these is the abundance of layer
parameters which have not been measured extensively. Dis-
cussion of this topic, because it impacts our computer model,
is deferred until Section 2.1.3. Another complication arises
because the troposphere may not separate in simple fashion

into well-defined layers of constant lapse rate. Additionally,

the troposphere may vary linearly and/or nonlinearly in the
horizontal direction. Although the possibility of such con-
ditions actually occurring can in no way be ruled out, con-
struction of a model based on such considerations would be

of little use in view of the all-important fact that there
would be no available empirical inputs to the model. Addi-
tionally, the use of the refractive index gradient as a valid
description of tropospheric propagation is widely accepted.
In fact, the entire worldwide effort to measure refractive
index gradient is predicated on the assumption that a linear
or near-linear dependence of this parameter on height is a
dominant influence on tropospherically-propagated waves. If
this were not so, the vast array of data collected (see an
example in Figure 2.2) would be of little use. The fact that
the premise is supported by the stable geometry of large air
masses and frontal inversions is discussed in Section 2.1.2.

The basic laws of electromagnetic wave propagation
indicate the propagation of waves in curved paths when a
refractive index gradient is present. In fact, when the
gradient is a constant, the rays travel in circular arcs
[2.4]. For point-to-point LOS propagation on the earth's
surface, these arcs may be concave-upward or concave-
downward depending, respectively, on whether the refractive
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index increases or decreases with height. A negative refrac-
tive index gradient is by far the more common; thus, a ray
typically tends to travel in concave-downward arcs. This
does not mean that the ray necessarily tends to bend back to
earth; the ray, though concave-downward, may have less curva-
ture than the earth's surface and effectively bend away from
the earth. A point of importance in this connection is the
following: even though a ray path may be concave-downward,
as illustrated in Figure 2.1(a), a plot of ray height vs.
distance x along the path may exhibit an upward concavity

as illustrated in Figure 2.1(b). From an engineering point
of view, this latter representation is the one of importance.
Analytically, it is achieved via an "earth-flattening'" coor-
dinate transformation [2.3]. The path resulting from this
transformation, like that in Figure 2.1(b), shall be called
the virtual path. Using the convention that a negative radius
indicates an upward concavity and a positive radius indicates
a downward concavity, we have from [2.3] that the virtual
radius in miles is given by

~ 0.62139 x 10°

R = it6.78

(2.3)

where £ is the lapse rate of refractive index gradient in
Nu/km, i.e., is the rate at which the refractive index de-
creases with height.

From the expression for virtual radius of curvature in
(2.3), we have constructed Table 2-1. 1In this table we use
the descriptive terms ''subrefraction'", '"super-refraction',
etc., that have been used extensively in the literature.
Each category corresponds to a range of lapse rate, and we
have conformed with [2.5] and [2.6] in our definitions ...
with one exception. Because of a gap that would occur be-
tween £=0 and £= 100, we have bestowed the title 'normal-
refractive'" on layers having lapse rates in that range.

Our major concern in this report is with layers in the
last category. These are the ''ducting' layers that give
rise to refractive multipath. Extensive programs of measure-
ment of lapse rates which have been and are being carried
out on a worldwide basis indicate that ducting layers can
and do occur with sufficient frequency to warrant concern.




(a) Actual Path

Concave-downward Ray Path Above Earth

(b) Virtual Path

Plot of y vs. x, where
y = height of ray path above earth
x = distance along earth from
center point

mom

Figure 2.1 Comparison of Actual Path and Virtual Path
Geometries
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This was clearly evident in the early comprehensive data of
Bean, et al. [2.5] and from several measurement programs that
have been described since [2.6], [2.7].

A wide-ranging collection of probability distributions is
gathered together in [2.6]. One of particular interest, since
it relates to our calculations on the Hohenstadt-Zugspitze link
[see Section 2.4.1] is the data for Stuttgart, Germany, shown in
Figure 2.2. This data shows that .2% of the observations made
in Stuttgart indicated that the lapse rate exceeded 300 Nu/km.
As pointed out in [2.8], this data is justifiable extrapolated
to the Hohenstadt-Zugspitze link. Unfortunately, the informa-
tion in Figure 2.2 does not constitute a comprehensive data
source. The reason for this is that measurements were only
taken two times a day (at the same time of day) for several
months. If nothing more, the data certainly indicates the
occasional occurrence of large lapse rate, whereas some places
in the world never show lapse rates in excess of 150 Nu/km.
(See data for Chita in the Soviet Union.) In such regions
the phenomena of ducting rarely, if ever, occurs. 1In other
regions, it appears to occur with substantial regularity.

2.1.2 wWeather Effects and Formation of Layer

Refractive layers cannot occur unless there are gradients
in pressure and/or temperature and/or moisture content of the
atmosphere. From a consideration of all the available measure-
ments, Craig, et al. [2.9] have adopted the following simple
expression for numerical use:

6 c be, _ ¢ be
(n-1)x10 -—T-(pd+e+,—r-) T(p+T) (2.4)
where
thS index of refraction of moist air
79 K/mb
4800°K

temperature in %k
total pressure in mb
the partial pressure of water vapor in mb

P Hon03

When n is replaced by the modified refractive index, the
left-hand side of (3.4) becomes a quantity that is called
the refractive modulus M.

2-8
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Pressure varies so slowly with height that its contribu-
tion to (2.4) can be discounted. On the other hand, the
humidity variation is an important part of &M. The water L
vapor, evaporating from the earth, tends to diffuse in a
vertical upward movement, distributing iteself over the entire
atmosphere. 1In the absence of atmos;heric turbulence, the
diffusion proceeds very slowly and, because of this stability,
€é may have a very strong vertical gradient.

The separate dependence of M on temperature change and
change in vapor pressure is illustrated in Figure 2.3. We
see that, in the absence of any vertical.gradient of vapor
pressure, a temperature inversion (temperature increasing
with height) tends to cause M to increase less rapidly with
height than in the standard case. If the temperature inver-
sion is strong enough, it causes an actual decrease of M with
height. 1In the absence of any vertical temperature gradient,
the vertical M gradient varies in direct proportion to the
variation in the vertical gradient of vapor pressure.

There are a multitude of meteorological conditions that
can result in a formation of a super-refracting layer, i.e.,
that can result in M inversions. These are:

(1) Heating from below
F (2) Cooling from below
(3) Subsidence inversions
(4) Frontal inversions

Craig and Montgomery [2.10] have presented a graphic
description of "heating from below', one of the more common
causes of layer formation. Following their scenario, we
examine the sequence of events occurring on a calm clear
morning as a result of the ground being warmed by solar
radiation. Near the initially cold ground there is an
initially stable air mass but, as the ground heats up,
packets of air warmed by contact with the ground begin to
rise convectively. These packets accelerate at first and |
then begin to declerate at a level that is well-defined from
thermodynamic considerations, i.e., '"'there is a definite top
to the convection'". The overall result of heating from below
is the formation of three layers:

(1) A narrow surface layer near the ground charac-
terized by strong gradients but slight turbulence
(air packets are just starting their acceleration) !
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(2) A thick central layer characterized by strong
turbulence due to rapid convection of the air
packets

(3) An upper layer that is stable.

The ground layer which extends to no higher than about

50 feet is unlikely to have degrading effects on links other
than those that have very low-lying antenna systems. The
second turbulent layer constitutes a well-mixed homogenous
layer and is characterized by the "standard" refractive
index gradient (about -40 Nu/km). The highest layer is
stable, but is commonly characterized by a lapse of water
vapor concentration. To quote Craig and Montgomery [2.10]
"The stable layer is therefore usually superstandard.'*

This observation derives from the data of Figure 2.3(b).

The features that the above description have in common
with our computer model illustrated later in Figure 2.5 — 2.7
should be apparent.

In their description of heating from below, the authors
go on to discuss the horizontal variations in the boundary
heights between the layers due to wind movement of cool air
masses over warm masses of water. This could result in
tilting of the layer, as we discuss in Section 2.2.3.
Additionally, it is easy to see that layer tilt could arise
from variability of earth moisture content over a link. A
possibility not mentioned in the reference cited above would
be a regular horizontal variation in refractive index profile
over a long link due to the different degrees of heating that
the link submits to as the sun rises above it. This mechanism
of layer tilt is particularly reasonable in view of the fact
that heating from below is usually an early morning phenomenon.

One interesting feature of the scenario discussed above
is the "fully-developed turbulence'" in the intermediate
homogenous layer. This layer, which is called the 'direct

7:Met.e:oro].ogists, for purposes of easy reference, often break
down the several situations we have categorized in Table 2-1
into standard, substandard, and superstandard. By ''sub-
standard" they refer to the condition wherein the refractive
index increases more rapidly with height than in the standard
case. By superstandard they refer to a greater rate of
decrease.
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path" or "pseudo-direct path" in our model (see Section 2.2.1)
has not been investigated as a turbulent (scintillating) channel.
As mentioned above, the region below the stable layers causing
refractive multipath, though characterized on the average by the
lapse rate for the '"standard'" atmosphere, may exhibit strong
turbulence. Turbulence, or randomness of the refractive index,
has long been a topic of interest for experts on atmospheric
propagation. The general consensus, however, is that the rms
values of amplitude fluctuations are so small as to not warrant
undue consideration as far as communication system performance is
concerned; typical estimates [2.3] are that the rms value of the
randomly fluctuating phasor representing the turbulence is 20 dB
down from the direct path. Consider the implications of this
report, however; classical interference of multipath rays can,
with a high enough probability to warrant concern, yield a
resultant phasor (signal level) that is 20 dB down from the
direct path signal level. Now, consider a random phasor (rms
value 20 dB down from the direct path) that is added to the
phasor representing the direct path. By superposition this
phasoxr can be added to the resultant phasor of the classical
inultipath interference. We find ourselves in the position of
adding a random phasor with rms value 20 dB down from the direct
path to a small 'deterministic' phasor of approximately the same
amplitude. The effects can be dramatic. Whereas, turbulence
can normally be neglected, a deep fade condition due to refrac-
tive multipath can greatly magnify its effects. It is recommended
that this condition, probable in a meteorological context, be
investigated more fully.

The phenomenon of subsidence is also known to be a cause of
superstandard refractive conditions; this phenomenon is the sink-
ing or lowering of large masses of air from high to low levels.
For reasons described by Craig [2.11], this condition tends to
result in stable layers below which exists a region wherein air
is mixed by turbulence or convection. The base of the layer
(subsidence) is often characterized by a subsidence inversion
wherein the humidity rapidly decreases with height; this latter
situation arises because the air above the inversion, having
descended from higher levels, is usually very dry. Because of
the temperature increase, which is always present, and the
humidity decrease, which is frequently present, there is prac-
tically always a superstandard M gradient in a subsidence
inversion.

Fronts can have important effects on temperature, humidity,
and M profile, but because their effects are more variable than
those of subsidence, meteorologists are reluctant to make general
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statements about the effects they will have on propagation. A
front (or frontal surface) is the boundary between two large air
masses and, because the overriding air mass is the warmer one,
there is always a stable layer and often a temperature inversion.
Unlike the interaction between two large air masses in a sub-
sidence inversion, the overriding air is moist. Some information
is available on slopes of frontal surfaces, however (see Section
2.2.3 below). The same physical mechanisms governing the tilt
of fronts govern the tilt of subsidence boundaries as well and,
in lieu of more definitive data, have been used in our computer
model.

2.1.3 Additional Layer Parameters

In this section we discuss two additional layer parameters,
the layer thickness, and the layer height.

Dependence of multipath fading on layer thickness has an
"on or off" character to it. A layer is either thick enough to
trap a given ray or is so thin that the ray escapes from the top
of the layer and bends away from the earth. A record of fade
level vs. layer thickness (all other parameters constant) would
display sharp discontinuities due to this phenomenon.

Some measurements of layer thickness have been made. Statis-~
tical distributions of layer thickness, based on measurements
over a three-year period in the Arctic (Fairbanks, Alaska), in a
temperature climate (Washington, DC), and in a tropical maritime
climate (Swan Island), are reported by Bean and Dutton [2.2].
This data is reproduced in Figure 2.4. Note that one can make
the rough conclusion from this figure that layers with thickness
in excess of 280 meters were observed 2% of the time in the
temperature region.

Beckmann and Spizzichino [2.1] have also presented data on
layer thicknesses. Their rough deductions from measurement of
the cutoff wavelength indicate that layers with thicknesses in
excess of 100 m may be present more than 107 of the time.

Unfortunately, there does not seem to be data available on
the joint statistics of layer thickness and refractive index
gradient; i.e., we cannot gain any insight into the frequency of
occurrence of thick layers with large lapse rates.

Layer height is another parameter for which the data is very
limited. 1In fact, because there seems to be no useful data avail-
able for layer heights, we have tended to view this parameter as
an independent variable against which to plot the results of our
calculations. There are reasons to suspect that the height of the
layer is a highly variable dynamic quantity. 1In fact, Bullington
[2.12] has come up with estimates of vertical velocity for layers
(a few feet per minute). Ye1d
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2.2 Analysis of Propagation Channel

In this section we describe our analysis of refractive
multipath on LOS links. The analysis, of course, draws on
earlier analytical approaches presented in a previous CNR report
[2.13]. Comparisons of the approach to the problem presented
here and in the earlier report will manifest obvious similarities
in the general way that the problem is approached. The differ-
ence, here, is that we have analyzed the situation wherein the
interface of the atmospheric layer and the '"'standard' atmosphere
is at a vertical location below the highest antenna terminal.
This is an important addition in view of the fact that there
are links in the DEB that have vertical separation distances
of a few thousand feet between the transmit and receive antennas
(e.g., Hohenstadt-Zugspitze link) and that typical layer heights
on such links fall below the highest antenna.

A further augmentation of the model has been achieved by
incorporating layer tilt; this addition as described earlier
can have great impact on the fading character of signals on
some links, especially the longer ones.

The link model is set up and described in Section 2.2.1.
The solution of the problem, including calculation of direct
path and multipath quantities, is described in Section 2.2.2.
The manner in which the model is adapted to include layer tilt
is described in Section 2.2.3. 1In Section 2.2.4 we show how
the analytical results can be used to determine bounds on
refractive index gradient, i.e., we determine how large a lapse
rate of this all-important parameter is required in order that
multipath be supported on a given link.

The analysis described in this section is the mathematical
framework for the CNR software that has been used to generate
all of the fading characteristics of the channel presented in
this report and the propagation parameters (ray path delays and
amplitudes) used as input values to the modem performance soft-
ware described in Section 3.
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2.2.1 Description of Link

The manner in which refractive layers are generated by
atmospheric conditions was described in Section 2.1.2.
Throughout the remainder of this report, it is assumed that
there exists a stable layer of finite thickness at the link
location. The bottom interface of this layer can lie above
or below the highest terminal, as illustrated in Figure 2.5.
In Figure 2.5(a) we see the situation wherein the layer inter-
face is above the highest receiver; this is subsequently
referred to as condition "A'". It will be recalled that this
situation has been analyzed before with some computations
appearing in [2.3] and [2.13]. Because of limitations in
application to links with extreme geometries (like some of
those in the DEB), it was deemed necessary, however, to per-
form an analysis of the situation shown in Figure 2.5(b).

In this figure we see the lower layer interface positioned
below the receiver. We call this condition "B". The dif-
ference between this situation and the previous model developed
at CNR is that the receiver is located within the layer.

Expanded views of the situations illustrated in Figure
2.5 are shown in Figures 2.6 and 2.7. The first of these,
which appeared in an earlier report (2.13], illustrates
condition "A'"; the layer interface is above the receiver.
The second illustrates condition "B'" which will be given a
detailed treatment in Sections 2.2.2 and 2.2.3.

The primary difficulty in the analysis (as with the pre-
vious analysis) relates to determining the ray transmit and
receive angles, 65 and OR, respectively. The nature of the
medium is such (constant refractive index gradient) that once
these two angles are determined, the single corresponding
multipath ray path is completely defined; the associated delay
and power loss can then be quickly computed. A multiplicity
of ray paths is possible because of the multiplicity of solu-
tion pairs QT and 6, and because of the variable number n of
Ly, segments . Unfortunately, the fact that the current model
(condition "B'") places the receiver in a region characterized

*
The usual case of interest is n=0. For any given link
geometry, the case n>0 requires a more extreme refractive
condition of the layer than the n=0 case.
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by a different refractive index than that characterizing
the region surrounding the transmitter results in some com-
plications of the analysis. We have been able to solve the
problem exactly, however; the details of the solution are
provided in Section 2.2.2.

In terms of the parameters and geometries illustrated in
Figure 2.7, it can be simply stated that the CNR software,
based on analytical results presented in this section, com-
putes the amplitude and delay for each of the ray paths
supported by the propagation channel. It is in terms of
these, of course, that complete characterization of the
communication channel is achieved.

Before proceeding with the analysis, it is important to
separate and identify the input parameters. This is required
because of the wide variety of different results obtainable
with different input parameters and the importance of carefully
selecting the input parameters in accordance with available
measurements. The list of input parameters is provided in
Table 2-2; we have categorized the parameters according to
whether they are link design parameters (man-made) or layer-
related parameters. We have also categorized them according
to whether they are dynamic or static.

The initial analytical treatment assumes a perfectly
horizontal refractive layer; the tilted layer case can be
converted to this simpler problem via the coordinate trans-
formation discussed in Section 2.2.3. Thus, results in this
section will not depend on layer slope S.

Additionally, it will be noted that there are no fre-
quency variables in Table 2-2. Frequency is totally a system
parameter (see Section 2.3) and, even though all the system
distortion parameters have a strong dependence on frequency,
it plays no role in the determination of the ray path delays
and amplitudes.

2.2.2 Solution of Problem Using Geometrical Optics

The equations of geometrical optics are perfectly suited
for use in determining the delays and amplitudes characteri-
zing LOS links. It will be recalled from electromagnetic
theory that wave propagation is governed by the equation of
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the eikonal (geometrical optics limit) when two basic conditions
hold:

(1) The index of refraction does not change appre-
ciably in a distance equal to the wavelengths
of radiationm.

(2) 1In a distance equal to the wavelength of radia-
tion, the fractional change in the spacing
between adjacent rays must be small compared
to unity.

Clearly, geometrical optics becomes more applicable as
one goes to higher frequencies. On the basis of condition (1),
a LOS link operating at a carrier frequency fc==l GHz was
judged to be safely modelable using the geometrical optics
approximation [2.3]. On this basis it is deemed thoroughly
applicable to the 4- and 8-GHz links treated in this report.

It is not as easy to determine whether geometrical optics
applies using condition (2). Work done by Wong [2.14], however,
indicates that in the presence of atmospheric layers the rays
travel in well-defined bundles. Within each of these bundles,
condition (2) is satisfied at all but a finite number of caustic
points. At these caustics, which are formed by the intersection
of adjacent rays, the ray theory can be slightly modified [2.15],
[2.16] to provide approximate field intensity. In the other
regions where the separate ray bundles intersect, the relative
amplitudes and phases of each bundle can be calculated from
ray theory, since each satisfied condition (2). These regions
are known as multipath regions, interference regions, and
radio anti-holes.

The use of ray techniques has long been a commonly-accepted
practice for analysis of microwave line-of-sight links and is
used throughout this report without further discussion.

Before commencing with the analysis, it is instructive
to note two interesting and important features of the geometri-
cal approach:

(1) The time it takes a wavefront to pass from point a
to b along a path is proportional to the integral
of refractive index along the path between the
points; i.e.,
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b

1
T=F(;fnd0 (2.5)
a

where n is the refractive index and o is the
free space speed of light,

(b) When the refractive index of a medium changes
linearly, i.e., when its gradient G=9n is a
constant, the radius of curvature of each ray
path in the medium is given by:

IR] ~ |%| (2.6)

Equation (2.5), representing delay as a path integral, is the
basic means whereby the path delays on LOS links are calculated.
One need only know the refractive index and the path geometry.
If G is a constant, the value of n at any point is determined
from knowledge of hj, and G in Table 2-2. Determination of the
ray path geometry is a more difficult task, however, and is a
main focus in the remainder of this section. We simply point
out here that (2.6) is a crucial aid in determining the path
geometry; it indicates that the radius of curvature, like the
gradient, is a constant. Hence, the ray paths are segments

of circles, an important simplifying feature.

The analytical approach to this problem can be logically
divided into two efforts: one is directed at determining
delays and amplitudes on the direct path; the other is directed
at determining delays and amplitudes of the multipath rays.
The distinction between the direct path and the multipath
rays is important. The direct path is that path that exists
between transmitter and receiver when there is no refractive
layer present. A normal, or "average', atmosphere is assumed.
This path can alternatively be called the '"free-space'" or
""clear atmosphere' path, but we make no use of such nomen-
clature. The multipath rays, of course, are those rays that
are refracted by the atmospheric layer. Fortunately, the
direct path yields simple analytical expressions for delay
and amplitude, and is always used as a reference in this
report. Thus, rather than referring to a multipath ray with
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delay 500,002 ns, vis-a-vis a direct path with delay 500,000 ns,
we refer to the multipath ray as having delay 2 ns. A similar
statement can be made regarding the amplitude. Summarizing,

we merely state that henceforth in this report the path ampli-
tude o and path delay ¢ of a multipath ray refer to the relative
quantities defined below. For the jth ray (out of a total of

N rays),

Rel abs abs

a. =a, /« (2.7)
j 3 - 121, couy N
Rel abs abs
1 = - 2.8
& =ik -8 (2.8)

where the direct path is taken, as always, to be path #1.

Since we are using o and £ without the superscripts to denote
the relative quantities, we have a, =1 and £1==O for the direct
path. The reader will note that this convention is exactly the
same as considering the overall channel transfer function and
normalizing with the direct path channel transfer function.

The normalization described above will be used indepen-
dently of whether or not a direct path between transmitter and
receiver exists. That both cases can hold should be obvious
from Figure 2.5. In part (a) of the figure, a direct path to
the receiver always exists. In part (b) of the figure, there
is no direct path. 1In either case, however, all quantities will
be referenced to the direct path.

All of the calculations in this report make use of the
earth-flattening coordinate transformation described in 2.13,
p.2-14]. From the cited reference we have taken Figure 2.8
which summarizes the effects of the transformation. From the
figure it will be noted that a ray whose curvature exactly
matches that of the earth has an infinite radius of curvature
in the flattened-earth coordinate system, whereas a perfectly
straight ray appears as a circular segment with concave side
upwards in the flattened earth coordinate system.

For the direct path, the atmosphere is assumed to have
its standard value G = -39 Nu/km. In the flattened earth coor-
dinate system, this corresponds to a concave-upward circular
segment with radius of magnitude R.= 5280 miles. Generally,
the radius of curvature is related to the gradient via the
relation
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R = actual radius of curvature

R = modified radius of curvature
mod

a = radius of earth

ray R=a

//\ n-profile FY Rpod =
a ,/’/ []‘”77\“\\ =2 m-profile

Earth HETTTTTITTITTTTTT

Flattened Earth

ray R=« ray Rmod =-a
o - = n-profile \/
== m-profile
AT e
Earth Flattened Earth
m = nt+z/a
M = N+z/a

Figure 2.8 Effect of Earth-Flattening Coordinate Transformation
of Ray Trajectories(From [2.13])
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< 6

0.62139x 10
G + 156.78

(2.9)

It will be noted that this expression yields an infinite radius
and a change of sign at the transition point:

G = -156.78 (2.10)

It is convenient to describe this behavior in terms of the
lapse rate of refractive index gradient, which is just the
algebraic negative of G. Were the lapse rate to rise from
its "standard-atmosphere' value of 39 Nu/km to some large but
realizable value (e.g., 300 Nu/km), the ray path would first
be concave-upward, reach a point at approximately 157 Nu/km
where it becomes perfectly flat, and then become concave-
downward bending the rays back toward the earth.

The earth-flattening coordinate transformation has the
effect of modifying the refractive index n, resulting in the
"modified refractive index" m. The relationship between the
two quantities is given in Figure 2.8, and is discussed at
length in [2.13, Section 2.1.1.2].

2.2.2.1 Calculation of Direct Path Quantities

Like the refractive index, the modified refractive index
varies linearly with height and can be simply represented as

m(z) = m + 8 2 (2.11)

where z is the height above some conveniently chosen zero point,
my is the value of the modified refractive index at that point,
and g, is the direct path gradient of the modified refractive
index. The radius of curvature is given by

.1
- [0
0 (:z)

T (2.12)
&0

R
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Thus, from our standard atmosphere assumption for the direct
path (Gp= -39 Nu/km), gg and Ry are immediately determinable
via (2.9) and (2.12).

The direct path geometry is illustrated in Figure 2.9;
the ray path curvature has been grossly exaggerated to make
it visible. From the geometry, we see that any point along
the ray path positioned such that its radius arm is at an
angle o with the vertical is at a height z given by

z = hT - (Rf cos a - Rf cos aT) (2.13)
Substituting in (2.11),

m = my + gOhT + cos a, - cos « (2.14)

The time delay is proportional to the integral of m over the
path, i.e., over the circular arc. The differential arc
length is given by

do = R da (2.15)

and mg + gOhT ~ ]
Performing the simple integral and dividing by c, the speed
of light in vacuo, we obtain

R
gl(aT,aR) = 7? [(sin aT*-sin aR) - (l+cos aT)(aT+-aR)] (2.16)

A companion expression for (2.16) represents power on the
path as a function of the angles a; and ap. This can be
derived by following exactly the same procedure described in
[2.3] and [2.13] but omitting the simplifying assumption
that sets cos ap=1. As a result, we get the power factor™

%
The square root of this quantity is the ray path amplitude
that we have repeatedly referred to.
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Figure 2.9 Direct Path Geometry for LOS Link
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S OERER S
@ = T a ar (sin aT) (2.17)
The problem of calculating and remains. This is

a circumstance that will characterize the multipath analysis
performed later, and has been a standard approach of ours in
solving problems of this type: first solve for the amplitudes
and delays in terms of the transmit and receive angles; then
solve for those angles.

This last step is relatively simple here. We note, from
the geometry in Figure 2.9, that the following relations hold:

L + sin = - sin
R, s %p
(2.18)

hp - by

+ S = CcoSs
Rf co aR qT

Squaring both sides of each of the equations in (2.18),
adding, and then solving the resulting quadratic equation for
sin op gives sin =Sn and sin a, =S, where S,, and SR’
quantities worth defining separately, are given by

-L
S, = +
o 2Rf
(2.19)
=L
S =
R 2Rf

where r is the slant range,

r = yL2 + (an)? (2.20)
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and Ah is the vertical terminal difference,

bh =h, -h (2.21)

In terms of these quantities, we have the direct path delay
and amplitude given, respectively, by

R
et o s o)

(2.22)

The amplitude can be determined directly in terms of the
geometrical parameters, hp, hp, etc. Substituting the ex-
pression for Sy and S, into the expression for ay, we obtain,
after some manipulation, the result

F r r2 T . I8
. <2Rf ta § %/
1 2 N R (2.23)
QR L S .g£_>l=__ - (JL)
L ZRf 2Rf L &h ZRf 3
This is quite reasonably approximated by the expression,
i

= 212’
r \r
MK (2R>LAh

£

(2.24)

R
4
Rl

2
1 (_ELA.L_~
2R /L &h

\

which is the expression we have used in our programs.

It should be pointed out that (2.24) takes into account
larger values of A than the expression used to generate re-
sults in an earlier report under another contract. The
earlier approximation, a1==L'1, which was appropriate for
earlier applications, is inappropriate for the extreme
geometries of the links encountered in the current study.
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2.2.2.2 cCalculation of Multipath Quantities

Since the direct path delays and amplitudes are directly
calculable from the expressions just derived, we now take the
second step toward determining the relative multipath delays
and amplitudes in (2.7) and (2.8); we now calculate the delays
and amplitudes of the rays refracted by the atmospheric layer.
As discussed before, we are interested in both of the situations
illustrated in Figure 2.5. Condition "A" in the figure, which
is .lustrated in more detail in Figure 2.6, has been treated
in earlier reports. We will treat it briefly at a later point
in this section, but our treatment will be limited to presenting
(not rederiving) the earlier results in the formalism adopted
here and to a few comments on the advantages of looking at the
problem in this new way. Of particular interest in this regard
is an inquality that we generate in Section 2.3.3 which demon-
strates the limitations of the condition "A'" results when
trying to apply them to links with a large vertical separation
between transmitter and receiver, e.g., the Hohenstadt-Zugspitze
link in Germany.

Our primary interest here is in condition '"B'" of Figure
2.5 which is illustrated in much more detail in Figure 5.7.
This is the case wherein one of the terminals is in the layer,
a likely situation if there is a significant difference in the
terminal heights.

To analyze this case, we refer to the geometry and nomen-
clature of Figure 2.7. The problem is primarily one of
analyzing the system geometry to determine path delays and
power loss in terms of the transmit and receive angles 65 and
88 or, equivalently, in terms of the normalized parameters
kp and kg, which are defined according to

k_ L
" R _ R
sin 90 = 2R (2.25)
L
4 o kT
sin 90 Bt 3 (2.26)

h

where L is the ground range between transmitter and receiver,
R is the radius of curvature of the ray in the layer, and R
is the radius of curvature of the ray in free space. The radii
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are related to the modified refractive index gradients g; of
the free space below the layer and g; of the layer through

1
8 = & (2.27)

and

1
g ™ == (2.28)

They are related to the unmodified refractive index gradients
through the earlier expression in Figure 2.8. 1In terms of g
and g and the reference level refractive index, mj, it is
helpful to define a free space index:

MF = m, + 802 (2.29)

and an index applicable to the layer given by,
M= m b oggh b g (b ) (2.30)

We now turn to the geometry of Figure 2.7. A simple
examination gives the following results:

2 = : T
Ly Rf sin 91 Re sin G (Z.31)
L2 = 2(R4—Rf) sin 61 (2.31)
2 R
L3 = R sin 91 + R sin 90 (2.33)

The section L, can be repeated n times, resulting in a total
ground range,

L=1L, +nL, 4 L3 (2.34)
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Keeping in mind_our goal of expressing all quantities
in terms of 98 and 6, it is easy to determine from (2.31)
and (2.34) that

| L - R sin SR + R_. sin GT

sin 8, = S s
1 (2n+1)(R+Rf)

(2:3%)

Examination of Figure 2.7 also yields two relations that will
be essential in the later development. These are:

- ;e
hL = hT + Rf cos 60 Rf cos 91 (2.36)
; and
- B R _
hL = hR (R cos 60 R cos 61) (2.37)

We recall that the delay for each multipath ray is found simply
by performing the integral of refractive index along the path.
The calculation is facilitated by noting the useful relations
listed below which give the variable height z of any point
along the path.

® In Region 1:

- .
z = hT + Rf cos 90 Re cos OT (2.38)
® In Region 2':
z = hL + R(cos 6 -cos 61) (2.39)
: ® In Region 2'":
z = h +R_(cos 6] -cos 8) (2.40)
f f 0 :
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e In Region 3:

z = h - (R cos eg-R cos B) (2.41)

Substituting these expression in (2.29) and (2.30) and
then performing the angular path integrations of refractive
index over each of the ray segments in Figure 2.5 and dividing
by ¢, we obtain

' R
¥ = (Mpoeg'sm eg) 2 Tf<MFo°g'Si“ eg)

(R+R,)
£ -
+ (2n+1) ——C—(MFOel- sin 91) (2.42)
where MFO is defined as,
=m, + g h_ + cos BT (2.43)
Mpo = Mo + 8ohy 0 %

Thus, from (2.35), (2.42), and (2.43), we see that the delay
to be associated with any ltipath ray depends on the transmit
and receive angles 6p and 8, respectively.

Having determined delay as a function of 63 and 6%, we
now turn to the calculation of power. This result is obtained
by considering the fundamental intensity law for ray optics
as described earlier. The result is given by

cos Gg deg
@ = R 9L (2.44)
L sin 60

where # is the power factor, i.e., the ratio of received to
transmitted power.

This completes the representation of delay and power
factors as functions of transmit and receive angles. Before
writing these results in terms of the more useful dimensionless
parameters in (2.25) and (2.26), we note that gohT in (2.43) is
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is an extremely small quantity. In fact, examination of (2.42)
and (2.43) reveals that we can replace m04-g0hT with unity
without incurring error. Thus, using

T
Mzg = 1 + cos 60 (2.45)

and (2.35) in (2.42), and (2.25) and (2.26) in (2.42) and
(2.44), we obtain

d k
_ RV 1\ &
& (kg kp) = -(Rf><kRL> e (2.46)

for the power factor, and

2
k_L k Ll
+ 1<_'r_> %

ZRf‘
/ K L\2
stn [fl(kT,kR)] [1 o, (7;-5—;)

- & Oeroke ) } (2.47)

A — " ~m—— f - 1

for the delay. In this expression,

L kT.+
£1(epkp) = on% D) (R+Ry) s (2.48)

is just sin 6y in (2+35),
We have now arrived at the same point in the multipath

analysis that we were at in the direct path analysis after
(2.16) and (2.17). It remains to determine the transmit and
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and receive angles (equivalent to determining kT and k,). This
was quite simple for the direct path, but is more comp%icated
here. As in the earlier case, however, we start by appealing
to the geometry.

From (2.36) and (2.37) we have the constraining equations,

h, = by - Rg(cos 8 - cos eg) (2.49)

: o) (2.50)

5

R
hR + R(cos 6, -cos 6

which must be solved simultaneously for GT and GR, i.e., for
kT and kR' The solution is facilitated by using the expansion

(sin2 6

N|

cos 61 -cos 6, =

0

O-Sin2 91) # %‘-(Sina el-sin4 90)+...

(2.51)

In this expansior we note that the ratio of the magnitudes
(last term to first) is given by

e pe 2 =2
2(51n 60 + sin 91) (2.52)

which will be entirely negligible for the small angles occurring
on LOS links. Consequently, we can drop all terms but the
first, getting

R
B = By - —23 (sin2 e(T) et el) (2.53)
h = h + % (sim2 Gg-sinz el) (2.54)

Substituting from (2.25) and (2.26), and using (2.35), we
obtain, after some manipulation, the two equations
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8Rf
A= [(hL -h,) - P(hR-hL)] — (2.59)
L
8Rf
S = [(hL"hT) + P(hR-hL)] . (2.60)
L
and
Bn = ;%-(Zn-kl)z (R-i-Rf)2 (2.61)
£

Tedious manipulation of (2.55) - (2.61) indicates that the
set of solutions to (2.55) and (2.56) can be found by solving
a quartic equation for y and then using either (2.55) or
(2.56) to determine x, The quartic equation is given by

vk gy by Ay k=D (2.62)
where

a = 4(1+p%) / (p%c% - 1)

b= [400” - 1) - 2%+ 2) + (2 -]/ [ct0%6? - 1)]

c = 4[@-» - plee+2)] [[op’e? - 1)) g

a = [ple@+2)® + ap-@)]/[ctp%” - 1)]
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and

e oy B (A+5S)
2p2 4
B (A-S) A :

Q = STEp— (2.64)
p(B_-1)

G = L 5

2p

As it happens, quartic equations are the highest-order
equations for which general solution formulas exist. The
existence of these formulas indicate that the problem is, in j
essence, completely solved by (2.57) - (2.63), and does not i
require recourse to iterative numerical procedures. Addi-
tionally, it provides us with a means (by putting constraints
on the coefficients) of determining inequalities which govern
the existence of multipath on any given link. This topic is
discussed in Section 2.2.4.

It is of interest to examine the dependence of (2.61) on j
n. Recall from Figure 2.7 that n can be thought of roughly i
as the number of times the ray reenters the layer after its
initial entry. For any given link, some consideration of
Figure 2.7 reveals that increases in n require greater bending
properties of the layer, i.e., larger lapse rates of the re-
fractive index gradient. From our earlier discussion in
Section 2.1, we know that the larger lapse rates are less
likely to occur in nature. 1In fact, it has been our experience
in examining several links that large lapse rates are required
in order to produce multipath in the minimal reentry case
when n=0. Thus, we are already at the low end of the proba-
bility scale when we consider the n=0 case for practlcally
all links of interest.

It should be pointed out that there are some situations,
themselves improbable, where n >0 could be of importance.
This situation arises when the layer is so configured that
the receiving and transmitting terminals are both very close
to the layer interface. A limiting case occurs when the layer
interface coincides exactly with receiver and transmitter.
In this case, the ray can skip in and out of the layer an
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unlimited number of times with negligible bending provided
by the layer. This is a zero probability circumstance, of
course.

It is_a simple matter to determine from (2.61) and (2.64)
that G==p'1 when n=0. In such a case, the division by
p2G2-1 in (2.63) is not allowed and the equation to solve
is a cubic

3 2
y~ + b,y + by + b =0 (2.65)
where
L 4(%-1) - pQ+P+4)
2 4P+ 1)
2
_ 4[p(Q-P) - P (P+2)]
b, = e (2.66)
and
oL 0he+)’ + tp(R-Q)
0 4p+1)

Formulas for solving (2.62) and (2.65) are given in [2. ].

Note that the existence of the two simultaneous equations,
(2.55) and (2.56), which relate kT and , can now be used to
derive an analytical expression for the power factor € in
(2.46) by allowing evaluation of the derivative. Manipulating
(2.55) and (2.56), we obtain

2
Pk 42
3k B ———) (A+S) - 2LA(k - 1)

T _ .o\ 2 (2.67)

3L 2 .
kTBnp kR Q0




where

Tl 30 2
Qp = (P°+ Lk + (o kR+kT) Z(kT+p kR) (2.68)
and
k_+k
o _.I_é_ﬁ (2.69)

The analytical development is now complete. The transmit
and receive angles can be determined by solving the quartic
(2.62) or the cubic equation (2.65); and by substituting the
solution back into the constraining simultaneous equations
(2.55) and (2.56). With a set of values so determined, the
amplitude and the delay for the corresponding path can then
be calculated from (2.46) and (2.47).

: 2.2.3 1Inclusion of Layer Tilt into Model

The analytical results presented in the previous sections
correspond to the physical situation wherein the refractive
layer is perfectly horizontal with respect to the ground.

This is not always the case. That layers are subject to
tilting has been reported in the literature. The experimental
data is limited, but these limitations are not due to absence
of the phenomena; they exist primarily because of the diffi-
culty in measuring layer tilt. It is clear that, if measure-
ments of layer tilt with concurrent measurements of refractive
index gradient are to be made, one must have the services of
at least three neighboring radiosonde stations working in
close conjunction with one another. Because of this, data on
layer tilt is extremely sparse. Gossard [2.17] has presented
some limited estimates that derive from his study of refractive
layers perturbed by waves. Because of the indirect manner in
which these estimates were derived, they have not been deemed
suitable for inclusion here. If one is willing to make the
assumption that the refractive layers derive entirely from
frontal inversions*, one can use the data of Kerr [2.18] who

S
Frontal inversions are known to be a causative mechanism,
but are not thought to be the sole mechanism (see Section 2.1.2).
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has pointed out that wave fronts have tilt slopes ranging
between 0.0033 and 0.010, corresponding to an angular range
of 0.190 to 0.573 degrees. For lack of more definitive data,
this is the data that we have used in our calculation when
deemed appropriate.

Layer tilt is less important on the shorter links than
on the longer links. Recollection of results (condition "A"
only) presented in an earlier report [2.13] and some simple
geometrical reasoning indicates why this is so. Earlier
results indicated that multipath was only important when the
layer was in close proximity with both terminals. When the
layer moved away from one terminal or the other, the multipath
spread would decrease. For our purposes here, we simply note
that the multipath condition depends sensitively on the posi-
tion of the layer relative to both terminals. Tilt of a
refractive layer over a short link does little to change these
relative positions. Over a long link, however, the effect can
be dramatic. For more details, the reader is referred to our
coverage of the 100-mile Hohenstadt-Zugspitze link discussed
in Section 2.4.1.

The basic work on determination of delays and amplitudes
has already been done, and the phenomenon of layer tilt has
been incorporated into our model via some straightforward
coordinate transformations. For the most part, these coordi-
nate transformations reflect the changes in relative posi-
tioning of the terminals and layer interface due to layer tilc,
as discussed in the previous paragraph.

The tilted layer configuration is illustrated in
Figure 2.10. Were the tilted planar interface to stretch
to the ground, the line of intersection between it and the
ground plane would be perpendicular to the vertical plane
containing the transmitter and receiver. (Consideration of
a more complicated geometry at this time would only confuse
the issues.) The layer is seen to tilt at an angle 6 relative
to the earth. It is reasonable to assume that the tilt applies
to the refractive index profile just below the layer interface
as well as i. does to the layer proper. As a consequence of
this, one is able to effect a coordinate transformation that
ultimately enables computation of the multipath profiles for
various values of layer height hy , refractive index gradient G,
and layer tilt slope S. As inputs to the called subroutines,
however, one uses the transformed quantities
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Figure 2.10 Geometry of Layer Tilt
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hL cos 6

r sin B (2.70)

=
1l

k=
|

r co
S SB

where
' 2 2
rS =4JL + hR
and
h
oo o (B

It is interesting to note that fading on some links (e.g.,
the Hohenstadt-Zugspitze link) would be unexplainable via the
mechanism of refractive multipath in atmospheric layers were
it not for the fact that layers sometimes tilt. As it happens,
the layer tilt angle is a variable of major importance for links
with extreme geometries.

2.2.4 Bound on Refractive Index Gradient

To determine the appropriateness of utilizing the condi-
tion "A" results derived under an earlier contract [2.13], it
was decided early on in this program to find out if the geometry
of longer links (with a large vertical separation between
transmitter and receiver terminals) implied a requirement of
extremely large lapse rate in order for multipath to be sup-
ported on the link. As we demonstrate below, this turned out
to be the case, a fact that was the prime motive for developing
a set of equations that governed condition '"B'". Because of
time limitations, our investigation was limited to the case
wherein the layer is horizontally situated relative to the
earth.

The current development has the advantage of providing
a method of approaching the governing simultaneous equations
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in such a way as to determine the realness (or complexness)

of the roots to the system. Realness of roots is required,

of course, in order to have multipath. The conditions
governing the realness of the roots are identical to the
conditions which indicate whether or not multipath exists on
the link. It is felt that a powerful approach is available
here for determining the ranges of parameter values which allow
multipath on the link. Unfortunately, we have not been able to
pursue this question in depth. The development here is limited
to determining the bounds on lapse rate under condition "A'";
this course was pursued for the reasons stated above. One
germane conclusion here is that lapse rates exceeding those
occurring in nature are required if multipath (under condition
"A") is to be supported on some of the '"extreme' geometry links,
e.g., the Hohenstadt~Zugspitze link.

Our development is initiated by applying a change of
variables (that preserves the realness or complexness of the
roots) to the set of simultaneous quadratic equations governing
propagation under condition "A". We apply the change of
variables

u=%}i v=2X (2.72)

to the system of equations (see [2.13, p.C-1])

$- =g w (2.73)
2 _2-(_1x+ -1)2+ o g (2.74)
X = B 2 y .
) 0
to get

- B 2:7
uv = 7 (2.75)
Caikv)” - ]—32- fa= 13" % (a=v)" = <3 (2.76)

n
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In these expressions we have used thc condition "A"
definitions:

2
2 2 R

B = (n+1) (HRf) (2.77)
2

A= 8Rg (h ~h)/L (2.78)

s = 16 R, (h-R)/L? (2.79)

where Rf is the radius of curvature below the layer, h is the
layer height, and h is the arithmetic average of receiver
height hR and transmitter height hT‘

We are interested in the conditions that must be met in
order that there be a pair or real roots, x and y, i.e., a pair
of real roots, u and v. Assuming a real solution for v, we
must also have a real solution for u. Evaluating the discri-
minant of (2.76), we obtain the inequality

2.8 1
Bn(v +5) - 15 5= (2.80)
n
With the aid of the trivial inequalities
v2 z 0
(2.81)
B =21
n
we get
S 1
B2 Yy (2.82)
n
which, after more manipulation, yields
B #E41 (2.83)
n S 7
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Substituting (2.77) and (2.79) into this expression, some
further manipulation gives

1+—
Re
Thus, in terms of the geometrical parameters of the link (L and
h) and the physical parameters of the direct path atmosphere
(Rg) and the layer (R and h), we have determined a bound on

n, the number of excess passages through the layer (see
Figure 2.6).

2
1 L
n s R)Jrl-i-st(h_ )-1 (2.84)

In order for multipath to exist on the link at all, the
right-hand side of (2.84) must be equal to or exceed zero. We
get, after some manipulation, the inequality

Q(R) = 0 (2.85)

where

Q(R) = 8<RA>R2 + (16BR - L2 (2.86)
£

and A= h-h. This expression increases monotonically with R.
Thus, for a positive root Ry of the quadratic equation Q(R) =0,
the inequality

R s Ry (2.87)

must hold if the inequality (2.85) is to hold (which it must
if multipath is to exist on the link); the inequalities (2.83),
(2.84), (2.85), and (2.87) are all inequalities that must be
satisfied for multipath to exist on the link. Thus, (2.87)
provides us with the upper bound on R, the radius of curvature
of the ray in the layer. Solving for the positive root of
(2.86), w: get
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R <R (2.88)

max

where

2

L
max f l+8RfA

e
1l
P

= (2.89)

The ray cannot curve in an arc to less a. degree than indicated
by (2.88) and (2.89) if multipath is to exist on the link. Thus,
the bending requirement of the layer, if it is to support multi-
path, is firmly established. The reader will note that this

puts a bound on refractive index gradient; i.e., the lapse rate
of the layer must exceed some value corresponding to (2.89) if
multipath is to exist on the link. The relationship betwen R
and the lapse rate £ is given by

04139 % 106

Z-156.78

R= (2.90)

where R is in miles and £ is in Nu/km. When £ is in excess of
156.78 Nu/km, it is clear from this relation that R decreases
with increasing lapse rate. From (2.88) we see that R obtains
a value small enough to support multipath on the link when the
inequality

6
22 :02139x10 __ | 156.78 (2.91)

7
R | J1 + =L

f iSRf A

-1

is satisfied.

Curves illustrating the lapse rates required to allow
multipath on different links are shown in Figure 2.11l. We see
that the lapse rate requirement rises sharply as A increases,
i.e., as the layer rises.

The curves in Figure 2.1l have important implications

relative to the limitations of the condition "A'" model. Recall
that the model requires that the layer be above the highest
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terminal (chosen without loss of generality to be the receiver).
Hence,

h -
T+hR hT+hR h_ -h

= S L o _ R T
A=nh 5 e 5 5 (2.92)

Thus, the lapse rate requirement for any given link is seen to
increase as hp - hp increases. In fact, the limitations of the
condition “A" model can be determined by replacing A with
(hg - hp)/2 in Figure 2.11, e.g., for h R - hp =200 on a 200-mile
link, we see that a lapse rate of 680 Nu/km is required in
order for the condition "A" LOS multipath model to give rise
to multipath. 1In view of data in (2. | and [2. ], this is
an extreme requirement.

For the 100-mile Hohenstadt-Zugspitze link in Europe, the
requirement is even more extreme. Examination of the link
geometry gives

= = 3511.16 feet (2.93)

which, when used in (2.91), indicates that a lapse rate in
excess of 872 Nu/km is required for the earlier model to
produce multipath on the link. Clearly, the condition "A"
multipath model is unsuitable where such extreme vertical
separations of transmitter and receiver are encountered.

On a worldwide basis, the measurement of refractive index
lapse rate has been going on for several years. As far as
we have been able to determine from our study of the literature,
the inequality in (2.91) constitutes the first and only
"existence' condition (in terms of refractive index lapse
rate) for multipath fading on LOS links.™ Since it is not
one of the stated goals of this contract, time limitations
have prevented us from attempting to determine the ''existence'
condition for condition "B'" of Figure 2.5. It is expected
that the analysis would be more difficult, but would proceed
along the same lines developed here.

*
Other "existence' conditions related to different quantities,
e.g., path length, layer thickness, have been presented in
earlier CNR reports [2.13].
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It is of interest to determine the lapse rate requirement
when n, the number of excess passages through the layer,
exceeds zero. Such a condition corresponds exactly with the
condition that the total number of ray paths is greater than
three, as discussed in connection with (2.62) through (2.65).
An analysis similar to that described above indicates that the
lapse rate required to result in n excess passages is given by

6
2 .62139 x 10
R ’ 2
£ L
= 10 8RfA - (n+1)
+ 156.78 n > 1

Since the right-hand side of this expression must always
exceed 156.78 (if multipath is to exist at all) we see that

a larger lapse rate is required if extra passages, and hence
extra ray paths, are to exist. Since large lapse rates are
invariably less probable than small ones, we conclude that the
existence of more than three paths is less probable than the
existence of just three. 1In all but a few anomalous situa-
tions the difference in probabilities will be substantial.
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2.3 System Parameters

In this section we categorize and describe the various
system parameters of importance under this study. All of
these parameters derive from the time-varying channel transfer
function T(f,t) and serve to bridge the gap between the physical
parameters describing the propagation channel and the quanti-
tative measures of system performance. Theoretically, one
need only know T(f,t) to evaluate system performance. In
practice, one (or both) of two conditions obtain:

(1) Not enough information about the propagation
channel is available to precisely reconstruct
T(f,t);

(2) 1In the event T(f,t) is available, it is
difficult to use it in its unmodified state.

One is forced to consider finite parameter characterizations
of the channel. The whole topic of models for random time-
varying channels (including reductions to finite parameter
models) has been discussed comprehensively by Bello [2.19].

In this report we represent signal degradation in terms of

the T-parameters and P-parameters, a development motivated
primarily by condition (2) above. The T-parameter represen-
tation is of a general nature, whereas the P-parameter charac-
terization arises because of the emphasis here on angle
modulation.

Two of the parameters mentioned above, because they have
classically played a dominant role in providing a physical
description of the channel and/or in providing a means whereby
one can gauge system performance, are given a separate treat-
ment in Section 2.3.1. These are Ty and Py; the magnitude of
Tog is known classically as the fade level (at band center) and the
negative of P1 is known as the group delay (at band center).

Because characterization of frequency-selective fading
generally requires a greater number of parameters than the two
mentioned above, Section 2.3.2 is devoted to a general dis-
cussion of the T- and P-parameters. Their importance relative
to the distortion of angle-modulated signals is emphasized.

In Section 2.3.3 we return to a closer look at fade depth

and group delay; we use the accepted form for the channel
transfer function on LOS refractive multipath links [see (9)]
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and examine the joint behavior of these parameters during a
deep fade. We make the important observation that the largest
excursions in group delay can only occur during a deep fade ...
an observation that will take on much greater importance when
we later consider diversity switching in Section 4. Addition-
ally, we derive an expression whereby one can determine those
frequencies at which the deepest fades occur.

2.3.1 Fade Depth and Group Delay

A time-varying communication channel can, in general, be
represented by a transfer function T(f,t) which provides a joint
depiction of the frequency-selective and time-selective behavior
of the channel. 1In this section we discuss two of the most
important parameters associated with T(f,t). These are:

(1) the fade level which is just the magnitude of T(f,t); and
(2) the group delay which is the frequency derivative of the
phase of T(f,t). The quantity |T(f,t)|, when evaluated at one
particular frequency (e.g., the carrier frequency), is the
commonly referred-to fade record, a function of time giving
rise to variations in the received signal level. When evaluated
at one particular time instant, a '"snapshot'" of the frequency
transfer function is obtained. 1In this section we are inter-
ested in characterizing the frequency-selective behavior of
the channel and, for that reason, will concentrate on the
latter point of view.

For our purposes, it is of interest to consider the channel
transfer function written in the general form,

T(£,t) = A(£E,t) e38(50) (2.94)

At a particular frequency and time, we refer to the fade level

L(f,t) = |T(f,t)] (2.95

which is just the channel transfer function magnitude.
this is given by

LdB(f,t) = 20 log10 TEEt)
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o(t) = o) + & (21-3) % (3.46)

As the conversion between reference frames is always a known
phase shift, this apparent source of confusion should cause no
conceptual difficulties. Thus we let 6(t) denote the (phase)
response of the BPF to the transmitted phase ¢(t). The relation-
ship between these quantities is

-1 h(t) *xsin o(t) (3.47)

8(t) = tan h(t) *cos o(t)

where h(t) is the low pass equivalent impulse response of the BPE
(This is valid under the assumption that h(t) is real, corres-
ponding to a symmetric bandpass filter.) The (phase) response of
the channel y(t) may in turn be written in terms of 8(t) using
the p series discussed earlier:

y(£) = 8(t) + p B(t) + py8(t) + 5 pyb7(t) (3.48)

In the computer evaluation of performance, values of 6(t)
are obtained by numerically performing the convolutions in the
numerator and denominator of Eq. (3.47) for the phase waveform
of Eq. (3.46). Derivatives of 6(t) required for calculating y(t)
from Eq. (3.48) are evaluated by standard numerical procedures.
That is,

b(ry = SEHY) ;Aeit -8 (3.49)
ey = BELN zgg;) + o(t-p) (3.50)
A

I1f multipath had no effect on the extraction of reference by the
receiver, the relationships presented so far would be sufficient
to calculate modem performance. However, this is not the case
and we must investigate the effect of multipath on both the
derived phase reference and the derived symbol clock.
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The PLL's shown in Fig. 3.3 function as narrow band filters
which pass only a discrete component at the appropriate fre-
quency. Since the bandwidths of these loops are usually very
much narrower than the system bandwidth, we will neglect all
noise effects and model them as having zero-bandwidth. Thus we
have the following transfer functions for the zonal filters at
8fO and 8f

1
Ho(f) = 6(f - 8f0) {3-51)
Hl(f) = §6(f - 8f1) (3.52)

Here we are assuming a center frequency 8f_.. The only component
in the output of the eighth law device which will have any effect
is also that at 8f.,. Neglecting gain factors, this component
will have complex envelope

sley = el (3.53)

Proceeding in a straightforward manner, the respective filter
outputs become

j2n8f

@ Jhey(r) = 2ﬂ8fOT]
i e dr ie (3.54)

and

j2n8f.t

e (3.55)

®  j[8y(r) - 2ﬂ8f171
; e dr

Since no amplitude effects are retained by the PLL, these expres-
sions may be further simplified to

ijBfOt - WO

e (3.56)
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and

j2a8f.t + V¥
- 1 1 (3.57)

where the phase shifts are given by

[ sin [8y(r) - 2ﬂ8foT] dr
¥y = tan == (3.58)
f cos [8y(r) - 218fof] dr

[ sin [8y(7) - 2w8f17] dr
¥. = tan (3.59)
[ cos [8y(r) - 2n8f;7] dr

Now we must describe how the four integrals appearing in

Eqs. (3.58) and (3.59) may be computed numerically. For concrete-
ness, we consider that in the numerator of Eq. (3.57), although
all four are handled in an identical manner. First, we break

the interval of integration into one baud intervals:

- kT + 5 + T
j‘ cos [8y(t) - 21.'8f1t] dt = Z / cos [8y(t) -2n8f0t] dt

A kK kr-L4++
2 8

(3.60)

where 7, is the group delay of the receiver bandpass filter H(w).
This fi?ter is designed with minimal distortion; in particular,

over the interval (kT - % + Tg’ kT + % + Tg) the filter output

phase waveform will depend only on the pair of frequencies trans-
mitted during the intervals (kT -T, kT) and (kT, kT+T) and the
transmitted phase at time kT. It can easily be shown that all of
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the eight equally spaced phases allowed at kT give the same value
for the integrand in question. Thus, the integral in Eq. (3.60)
will take on exactly 16 distinct values corresponding to the 16
possible combinations of preceding and succeeding frequencies.

In considering Eq. (3.60) we must recall that the summation over
an infinite number of T sec intervals is a mathematical fiction
arising from the fact that we have assumed zero bandwidth for
PLL. In fact, the summation will include a finite but very large
number of T sec integrals. In this summation, each of the 16
distinct values for the T sec integral will occur with equal
probability, assuming a random data sequence. The number of
terms in the summation will be large enough that we may neglect
variations of the number of each distinct type about its expected
value. Thus the final value of the summation will be propor-
tional to the average of the 16 possible values for the basic T
sec integral. Thus, in calculating Eq. (3.60) we will simply
calculate and sum the 16 distinct values taken on by the integral
appearing on the right-hand side. This involves, of course, cal-
culating the actual value of y(t) in the presence of multipath
using Eqs. (3.46), (3.47) and (3.48) for each of the 16 fre-
quency combinations. In this manner the integrals appearing in
Eqs. (3.58) and (3.59) are numerically evaluated (to within a
proportionality constant) and ¥ and Wl are calculated.

Having obtained ¥y and ¥;, we note that phase error in the
symbol reference is ¥y - ¥;, so that the actual sampling instant
is given by

P (3.61)

Thus, due to the timing error, y(0) in Eqs. (3.41) and (3.44)
must be replaced by y(tg) in calculating the error probability.
However, an additional term arises from the derived phase
reference:

J20E.E + §
& ° 0 (3.62)

where ¥, is simply ¥;/8. Replacing t by tg [from Eq. (3.61)]
and fy by its value - 3/16T gives the phase of the reference at
the sampling instant:
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o = TS (3.63)

Now we may rewrite Eqs. (3.41) and (3.44) to include the effect
of the derived phase and symbol references:

[ n y
FH (k-3-1)8y - y(t) + o
PG5,k =1-@ 8 A ref (3.64)
! 4 !
[ y(t) -0 +T- (k-j+1)907
Po(i,k) =1 - o = re (3.65)
f 5 b

Actual error rates are calculated from (3.45) as before.

3.2 Receiver Performance Over Multipath Channels

3.2.1 Channel Selection

Section 3.1 above has described the analytical basis for the
computer software which has been developed to calculate perform-
ance of the two modems of interest in the presence of multipath.
In this section we present results obtained with this software
for the Hohenstadt-Zugspitze link. In obtaining this data, it
was desired to consider a wide range of multipath conditions
which could exist on this link. This has involved two processes
of selection which will be described before proceeding to the
actual performance results. The first selection process is that
of selecting a set of physical channel parameters for which to
calculate the path structure. Given the path structure, in the
form of amplitudes and relative delays, one must then calculate
the parameters which characterize the communication channel at
various fade depths.

The multipath structure of the Hohenstadt-Zugspitze has been
discussed in detail in Section 2.4. 1In selecting channel condi-
tions, we have taken sample points from each of the multipath
profiles illustrated in Figs. 2.16 to 2.18. The layer height
samples are given approximately by
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max ml“) n=1,2,3 (3.66)

hL i hmin - n( 4

where hpin 1s the smallest layer height resulting in multipath
for a given layer tilt and hpgx is the largest. This scheme is
illustrated in Fig. 3.4 where we have numbered the cuts according
to the value of n in (3.66). This numbering, accompanied by the
exact layer heights involved, also appears on the error rate
curves to be presented later in this report. For the refractive
index gradient the values =400, -350, and -300 Nu/km are used;
these are in reasonable accord with relevant data [2.6]. For
each value of refractive index gradient the layer slopes given

in Table 3-1 have been used in the calculations. Not all combin-
ations of refractive index gradient and layer slope result in
multipath, however. All of the multipath profiles resulting from
those combinations that do support multipath have been illustrated
earlier in this report and have been sampled in the manner illus-
trated in Fig. 3.4. This results in consideration of 27 distinct
channel conditions. This approach via the propagation software
provides us with the discrete set of amplitudes and delays that
have been used in the simulations described below.

Given a set of path delays and amplitudes obtained in the
manner described above, phases must be determined for each path
which will result in a deep fade. Referring to Section 2.3.2, it
has been shown that for a set of N amplitudes (ay) and delays
(£4) the first three terms in the frequency power series model |
for the channel transfer function are given by |

N
T, = & B8 (3.67)
07 T
N
T, = T B, (3.68)
o s |
N !
. 2 |
Ty ~ 2 153 BN} (3.69)

where Bi is the complex amplitude
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TABLE 3-1

VALUES OF LAYER SLOPE USED IN CALCULATIONS
AND CORRESPONDING LAYER TILT ANGLES

Layer
Layer Tilt Angle
Slopes (Degrees)
.003 172
.004 <229
.005 .286
.006 .344
.007 .401
.008 .458
.009 .5156
.010 Sl
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-j2nfE, j6;

Bi = ae age (3.70)

and ny is the delay after subtraction of the mean delay

The value of Tp gives the fade depth at the center of the frequency
band. For a deep fade the value of Tp will be quite small com-
pared to the magnitude of the vectors B;. This situation is
illustrated in Fig. 3.5 for the case N=3 which is of interest
here. From this figure it is clear that when Tp is small, small
variations in either the magnitude or angle of the Bi's can
produce significant variation in both the magnitude and angle of
Tg. On the other hand, these small variations in the 8 's will
not greatly affect T; and T, as given by Eqs. (3.68) 1n§ (3.69).
Based on these considerations, the following procedure has been
used in calculating Tg, T;, and Typ for a set of gains and delays:

1) Find the values of 6; which give

T0==0.

2) Use these values of 6; to calculate Ty and T,.

3) Select the magnitude of T, to give the desired
fade depth.

4) Allow the angle of T, to vary over the range
(0, 2m). For each value in this range the
coefficients P1» P2, and py may be calculated
and the software used to evaluate error prob-
ability. The error probabilities obtained in
this way are then averaged.

3.2.2 Baseband Modem Performance

For each of the 27 multipath conditions performance of the
baseband modem was calculated at three fade depths: 10, 20, and
30 dB. As the depth of the fade increases, frequency-selective
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Imaginary

Real

! Figure 3.5 Example of Alignment of Path Vectors Producing Deep
; Fade
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effects become more pronounced. In other words, fading will be
"flat" (that is undistorted) for smaller fade depths and
frequency-selective (that is distorted) for larger fade depths.
At some fade depth distortion will reach the point where the
eye-pattern closes for certain symbol sequences; when this happens
it will be impossible to obtain a satisfactory error rate regard-
less of the value of Ep/Np available to the receiver. This
behavior may be seen qualitatively in Table 3-2 which summarizes
modem performance for each of the channel conditions considered.
(In this table the three layer heights which were considered for
each combination of refractive index pgradient and layer tilt
slope are lumped together for simplicity.) Selecting a gradient
and slope, one can look across horizontally and compare perform-
ance at fade depths of 10, 20, and 30 dB. For relatively flat
channels the transition from flat fading to frequency-selective
fading occurs at very deep fades, while for more selective
channels the transition occurs for shallower fade depths. Since
fade depth is quantized to 10 dB increments .a this table, the
transition from flat fading to complete degradation is usually
abrupt. Individual performance curves on wiirch Table 3-2 is
based are shown in Figs. 3.6 through 3.15. (Figures in which
fading is entirely flat or completely degraded have been elimin-
ated, so that only ten curves rather than 27 are required.) In
each case the horizontal axis is the received E/Nj and a flat
fading reference curve is shown with a dashed line. Thus the
degradation due to frequency-selective fading is just the hori-
zontal separation between the curve in question and the reference
curve.

3.2.3 1IF Modem Performance

The performance of the phase-continuous FSK modem was eval-
uated for the same set of conditions for which the baseband modem
was evaluated. 1In making these calculations a bit rate of
27.648 Mb/s was assumed for equivalence with the baseband modem,
although the breadboard of the IF modem actually operates at a
bit rate of 27.275 Mb/s. As before, flat fading performance is
shown with a dashed line. In this way the loss in performance
due to frequency-selective fading may be compared between modems
even though the absolute performance of the two modems (in flat
fading) is considerably different. Table 3-3 presents a summary
of performance of the IF modem which may be compared with the
earlier table for the baseband modem. On the whole, the effects
of multipath on the two modems are remarkably similar. However,

a careful examination of the tables or of the accompanying figures
(3.16 - 3.26) shows that the FSK modem is somewhat less suscept=
ible to multipath than the baseband modem. As an example, Fig. 3.17
shows less degradation than Fig. 3.8; both apply to the same channel.
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